In this work, synthesis of linear array geometry is first formulated as a linearly constrained multi-objective optimization problem with the goals of minimum sidelobe level, null control and high directivity. Then solved by a Generalized Pattern Search (GPS) algorithm for the optimum element locations and excitation amplitudes. The constraints are imposed on the inter-element spacing and dynamic range ratio of the amplitude tapering to reduce mutual coupling effects between the elements. GPS methods are newly discovered, derivative-free methods where the current iterate is updated by sampling the fitness function at a finite number of points along a suitable set of search directions to find a decrease in the function value. Finally, two worked examples are presented that illustrate the use of GPS synthesis method, and the optimization goal in each example is easily achieved. Furthermore the full-wave simulations of the synthesized arrays are also completed to examine the mutual coupling effects. Finally the results of the GPS algorithm are validated by comparing with results obtained using the genetic algorithm, and the results of the uniform and DolphChebyshev arrays, having the same number of element and the same aperture length.
Introduction:
In many communication systems one is interested in point-to-point communication, and much more highly directive beam of radiation can be used to advantage. Hence, by arranging elementary radiators into an array, a more directive beam of radiation can be obtained. A more directive beam means that the antenna will also have a higher gain. The other important requirement for a communication system is high ratio of the signal to interference. This is achieved by the suppression of interference and multipath signals and obtaining nulls in the directions of interfering signals. Thus all of these simultaneous requirements necessitate synthesis of an array antenna by a multiobjective optimization process.
In general, these optimization techniques utilize single system variable to be optimized that can be classified into the two categories: One method optimizes the excitation of each element of the uniform array [1] [2] , and the other adjusts the element locations with uniform excitation [3] [4] , resulting in a non-uniform array geometry.
In this work, we aimed at the array antenna synthesis by both the linear geometry and excitation amplitudes that result in determination of the physical layout and amplitude tapering network. The objectives of the synthesis process, can briefly be summarized as follows: To maximize beam of the radiation pattern towards the intended user or signal of interest, while obtaining maximum suppression within the required region(s) together with narrow/broad nulls in the directions of interfering signals or signal not of interest. For this purpose all the multiple objectives are simultaneously gathered within a single fitness function as the weighted logarithmic sums of the magnitudes of the array factor and the directivity function. The element location (d n )s and the excitation amplitude (A n )s, n=1,…..N are chosen as the decision variables to control the far field features in the optimization process.
In the recent years, the evolutionary algorithms such as Genetic Algorithms become popular to synthesize either the physical layout or the feeding network of array antenna. The common characteristics of these techniques are that these are random and nonrepeatable optimization processes.
Here, GPS methods are introduced as an optimization tool into the antenna engineering for the array antenna synthesis. GPS are nonrandom methods for direct searching minima of a function which may be even discontinuous, non-differentiable, stochastic or highly nonlinear [5] . Thus a comparatively fast and repeatable tool is introduced to the array antenna synthesis with no need for gradients of the fitness function. Fig.1 respect to the origin along the y-axis. This linear array antenna has non-uniform interelement spacing and at same time non-uniform excitations, thus the array factor in the azimuth plane can be expressed as follows [6] :
Problem Formulation of a Non-Uniform Linear Array:
where 2N is total number of the antenna elements,  is the wavelength in free space; n A , n  are the excitation amplitude and phase of the nth element, respectively and d n is the distance from the origin to the nth element. In our case, n  is fixed zero, thus the broadside arrays are worked out:
Figure (1): Linear antenna array geometry
In the antenna engineering, measure of the maximizing electromagnetic energy to the intended user is directivity which is defined as [7] :
where U and U 0 are the radiation intensities of the directive and isotropic antennas, respectively. Formulation of the directivity is given in details by Stutzman and Thiele [7] for the non-uniformly excited and unequally spaced linear arrays. We adapted this formulation to the symmetrical configuration of the linear array antenna of sum pattern in the broadside direction:
Thus, directivity will be considered as an objective in the synthesis process as the measure of focusing the beam to the desired direction as narrow as we require.
GPS Algorithm:
GPS methods are a class of direct search methods, originally introduced and analyzed by Torczon [5] . A summary of the work on GPS methods can be found in [5] . GPS are the direct methods for searching minima of a function which may be even discontinuous, nondifferentiable, stochastic, or highly nonlinear. As opposed to more traditional optimization methods that use information about the gradient or higher derivatives to search for an optimal point, a GPS algorithm searches a set of points around the current point, looking for one where the value of the fitness function is lower than the value at the current point. The GPS algorithm we employed can briefly be explained as follows: It computes a sequence of points closer and closer to the optimal point. At each step, the algorithm searches a set of points, called a mesh, around the current point until finding a point in the mesh where value of the fitness function decreases compared to the value at the current point. This new point becomes the current point at the next step of the algorithm. The mesh is formed by adding a scalar multiple of a fixed set of vectors called "Pattern Vector" to the current point. Flow chart of the GPS algorithm is given in Fig. 2 .
Objective Function:
The GPS presented in the previous section is applied to synthesize array antenna with the linear geometry and excitation amplitudes subject to the radiation pattern requirements. Here, our objectives are to meet the minimum sidelobe level, maximization of the main beam in the desired direction to obtain narrow/ broad nulls in the directions of interfering signals. Thus, these multiple objectives are gathered in a single fitness function as the weighted logarithmic sums of the magnitudes of the array factor, 
In (5), are the weighting coefficients which should be adapted to the problem.
(6.1) and (6.2) give the constraints imposed on inter-element spacing and the dynamic range ratio of the amplitude tapering to reduce mutual coupling effects between the elements of the optimized array antennas. 
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Linear Array Antenna Synthesis Examples:
In this section, synthesis examples of various antenna arrays are worked out to demonstrate the versatilities in performances of the objective function given in (5) subject to the constraints in (6.1) and (6.2). The optimized arrays are compared for directivity and beamwidth with uniform arrays having same aperture length with the arrays obtained using GPS optimizer; while the Dolph-Chebyshev array is synthesized with the same MSLL and aperture length to compare the other radiation pattern properties such as the suppressed regions, null levels and directivities. In order to compare the performance of the GPS optimizer, the same objective function and constraints are applied to the array antenna synthesis by GA optimizer, and then the resulted patterns of both optimizers are compared with each other. Furthermore, fullwave simulations of all the patterns optimized by the GPS are completed using 3D EM field simulator, Computer Simulation Technology (CST) to examine the mutual coupling effects between the antenna elements. In the first worked example, the sum pattern configuration of a 10-element linear array is synthesized for minimum SLL within the region [ 
The resulted array pattern from the GPS algorithm is shown in Fig. 3 , together with the patterns obtained using uniform array geometry, Dolph-Chebyshev array, GA optimizer and CST simulator. Moreover, the corresponding features of the all patterns are also given in Table 1 (a).
It can be seen from Fig. 3 that the uniform array exhibits relatively high SLL. The GA offers an improvement of 4 dB, while the GPS algorithm offers an improvement of 12 dB in terms of MSLL suppression. It can also be seen from Fig. 3 and Table 1 (a) that the aim of obtaining deep nulls at 40 o , 50 o and 70 o directions has been achieved easily by both the GPS and GA optimizers. Although, Dolph-Chebyshev array is designed for same MSLL with GPS array, relatively deep levels in the directions of interference are achieved using GPS optimizer. This is achieved in exchange for a larger width in the main beam. It can also be said that the radiation pattern of CST simulator is in a good The second example shows the design of a 24-element array suppressing the average level of the SLL area within the region [6 o , 90 o ] while exhibiting a high directivity value. For these requirements, the following fitness function is formed using (5): o ] is quite higher than the GPS pattern. Besides, the half power beamwidth and directivity values are also more successfully achieved by using GPS algorithm. As it is observed from Fig. 4 , the resulted CST simulation pattern follows the features of GPS pattern except in the broad null region. However, the CST simulation pattern has achieved MSLL of -36 dB in broad null region which is more successful than GA pattern. The features of all the pattern types are given in Tablo 2(a) and the corresponding solution spaces of these patterns are given in Tablo 2(b). 
Conclusions:
In this work, a multi-objective optimization procedure is put forward for the radiation pattern limitations of antenna arrays and this procedure is followed by the two system variables which are the array geometry and feeding network. All possible linear array configurations are analyzed and a formulation for the array factor and directivities are completed.
In the synthesis stage, the fast and efficient optimization process is generated: (i) PSearch algorithm is employed which is a direct, efficient derivative -free algorithm for searching minima of the functions which are not necessarily differentiable, stochastic, or even continuous. (ii) A fitness function is defined so that the limitations of all the main radiation features of a pattern can be searched, which is successfully applied into antenna array synthesizes with the different multi-objective requirements. Finally, the optimized arrays are observed to outperform uniform arrays and representative synthesizes.
